Time-dependent nonequilibrium Green's functions are used to study electron transport properties in a device consisting of two linear chain leads and a time-dependent interleads coupling that is switched on non-adiabatically. We derive a numerically exact expression for the particle current and examine its characteristics as it evolves in time from the transient regime to the long-time steady-state regime. We find that just after switch-on the current initially overshoots the expected long-time steady-state value, oscillates and decays as a power law, and eventually settles to a steady-state value consistent with the value calculated using the Landauer formula. The powerlaw parameters depend on the values of the applied bias voltage, the strength of the couplings, and the speed of the switch-on. In particular, the oscillating transient current decays away longer for lower bias voltages. Furthermore, the power-law decay nature of the current suggests an equivalent series resistor-inductor-capacitor circuit wherein all of the components have time-dependent properties. Such dynamical resistive, inductive, and capacitive influences are generic in nano-circuites where dynamical switches are incorporated. We also examine the characteristics of the dynamical current in a nano-oscillator modeled by introducing a sinusoidally modulated interleads coupling between the two leads. We find that the current does not strictly follow the sinusoidal form of the coupling. In particular, the maximum current does not occur during times when the leads are exactly aligned. Instead, the times when the maximum current occurs depend on the values of the bias potential, nearest-neighbor coupling, and the interleads coupling.
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In addition, experimental realizations of the atomic switch include mechanisms involving the reversible transfer of an atom between two leads, 6 the dynamical onset of singleatom contact between leads 7 and the manipulation of atomic bonds using a dynamic force microscope. 8 Having a dynamical switch in a nano-circuit, however, necessitates the appearance of time-dependent behavior, partic- lead, that is on a rotatable disk. An illustration of the device is shown in Fig. 1(a 
where c α † k and c α k are particle creation and annihilation operators at the kth site in the α lead. ǫ k is the on-site energy at site k and v kj is the hopping parameter between nearestneighbor sites k and j (see Fig. 1(b) ). The sums are over all sites in the α lead. H LR includes the time-dependent component of the total Hamiltonian and is of the form Defining the two-time lesser Green's function
we can write the electron current flowing out of the right lead as
Similar steps can be done to determine the current flowing out of the left lead. We find I L (t) = −I R (t) and therefore, current is always conserved at each instant of time t.
We define the contour-ordered Green's function
where T c is the contour-ordering operator and τ 1 and τ 2 are variables along the contour. 17 Since we want to calculate the current for both the steady-state and nonsteady-state regimes, we employ a contour that begins at t = 0 when the interleads coupling has just been switched on, then proceeds to time t where we want to determine the current, and then goes back to time t = 0.
In the interaction picture the contour-ordered
Green's function can be expanded in powers of i/ . Applying Wick's theorem to the resulting expansion and then using Langreth's theorem and analytic continuation, 17 we get a numerically exact expression that includes all terms in the expansion for the lesser Green's function:
where the advanced and retarded Green's functions are
The first-order retarded and advanced Green's functions are
and the first-order lesser Green's function is
where the g r (t), g a (t), and g < (t) are the retarded, advanced, and lesser free-leads Green's functions, respectively. Timetranslation invariance is satisfied by the free leads and therefore, their corresponding Green's functions can be calculated in the energy domain using the techniques of steady-state NEGF. 26 The integrals in Eqs. (8) and (9) 
III. RESULTS AND DISCUSSION
Firstly, we examine the impact of the switch-on speed to current characteristics.
The functional form of the interleads coupling, v LR (t), describes how the device is switched on. We examine two types of switch-ons: an abrupt Heaviside step function switch-on and a gradually progressing hyperbolic tangent switch-on of the form with unit transmission 28 are also shown in ogy to the quantum device we are examining (see Fig. 1(c) ), applying Kirchhoff's law to a series RLC circuit with time-varying components leads to the equation
where I is the time-dependent current
is the capacitance, and Q = t 0 I dt is the time-dependent charge accumulating at the capacitor. Furthermore, the power law fits imply that the current is of the form
where α is the power-law exponent determined from the fits, ω is the timeindependent frequency of oscillation of the transient current, φ is the phase determined from initial conditions, and I 0 is the timeindependent steady-state current. Taking the time derivative of Eq. (11) twice, we find
where ω
. Comparing Eqs. (10) and (12) we get the coupled equations
which can be solved to determine how R(t), L(t), and C(t) vary in time for specific values of α and ω.
The power-law exponent α determines how fast the transient current decays until it reaches the steady-state value. In Fig. 3(a) , it can be observed that by increasing the bias potential the value of α also increases, thereby speeding up the decay of the transient current. α and the power-law coefficient I 0 actually also follow power-law fits when the bias potential is varied, as can be seen in Fig. 3 . It suggests α = α 0 U change when the bias potential is varied. In Table I we show how the values of the powerlaw fitting parameters change when U b is varied.
From Table I , we see that the values of I 00 and γ are independent of the speed of the switch-on. In addition, the exponent γ is about one. These imply that I 0 increases linearly with the bias potential and is consistent with the identification that I 0 is the steadystate current. For the exponent α, we find that as the speed of the switch-on is increased Next, we investigate the effects of vary- other hand, the scattering that happens at the interleads coupling when v LR is different from v affects the value of the steady-state current. Moreover, the plots of the exponent α and coefficient I 0 as functions of the bias potential can also be fitted to power laws.
As shown in Table II The times when the peaks in the current occur can be known from the extremum of the power-law form of the current in Eq. (11) .
Taking the time derivative of Eq. (11) and then equating the result to 0, we find the extremum of the current to occur at times t p whenever the following is satisfied:
The left-hand side is an equation for a The times when the current peaks occur are located whenever the two curves intersect.
Since the slope of the straight line depends on α, we see that the faster decaying transient current, i.e., higher values of α, correspond to earlier peak times.
Finally, we investigate the transport properties of the device having a regular time variation, such as a nano-oscillator. In a nano-oscillator, the rotating disk in Fig. 1(a) is rocked back and forth across the dashed line. This would result in a harmonic modulation of the interleads coupling and would dynamically modulate the current through the device. However, compared to an alternating current which changes sign, the modulated current flowing out of the nanooscillator maintains the same sign. We model the harmonically modulated coupling in the 
